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 what are neutrinos?

 neutrino history

- full of surprises
- neutrino oscillations

* MiniBooNE experiment EESS#FPatans s
* recent developments
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“Standard Model”

just like chemists have ELEMENTARY
the periodic table: PARTICLES

1 2
H He
1.01 4.00
3 4 S 6 7 8 9 10
Li | Be B [ N o F Ne
6.94 9.01 10.8 12.0 14.0 16.0 19.0 20.2
11 12 13 14 15 16 17 18
Na Mg Al |si| P s |cl |ar

23.0 | 24.3 27.0 | 25.1 | 81.0 | 32.1 | 35.5 | 40.0

19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 \
K|Ca|Sc|Ti| V |Cr|Mn |Fe|Co|Ni|Cu|Zn |Ga |Ge |As |Se |Br | Kr .
39.1 40.1 45.0 47.9 50.9 52.0 54.9 55.8 58.9 58.7 63.5 65.4 69.7 72.6 74.9 79.0 79.9 §3.8

37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 /

Rb|Sr| ¥ |Zr |Nb|Mo |Tc |Ru |Rh |Pd|Ag|Ccd|In|Sn |Sb|Te| I |Xe

85.5 | 87.6 | 88.9 | 91.2 | 92.9 | 95.9 98 101 103 106 108 12 115 119 122 128 127 131 charm photon
55 56 57 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86

Cs|Ba|La|Hf |Ta| W Re |Os |Ir |Pt Au|Hg| /Tl |Pb | Bi |Po|At |Rn
133 137 139 178 181 184 186 190 192 195 197 201 204 207 209 210 210 222

87 88 |89 104 (105 (106 107 108 (109 110 111 (112 113 114 115 116 117 118
Fr |Ra |Ac |Rf | Db | Sg | Bh | Hs | Mt | Uun | Vuu | Uub Uugq Uun Uuo

228 | 226 | 227 | 227 | 262 265 | 264 | 265 | 268 | 2¢° 269< | 1227 289 269 283

s8 |59 60 61 62 63 64 |65 |66 (67 (68 69 |70 |71 IS
Ce |Pr |Nd |Pm Sm Eu Gd |Tb Dy Ho Er |Tm | Yb | Lu
140 | 141 | 144 | 147 | 150 | 152 | 157 | 159 | 163 | 165 | 167 | 169 | 175 | 175 strange bottom

90 91 92 93 94 95 96 97 98 99 100 101 102 103
Th |Pa| U |[Np Pu Am Cm Bk |Cf Es | Fm |Md | No  Lr

232 231 238 237 244 243 247 247 251 254 257 258 255 256

color code= light metals - brittle metals - ductile metals - low melting metals - non-metals - noble gases - lanthanides - actinides
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particle physicists
have “Standard mOdeI” 'I‘lnI'cc GcncnIatIi(ms (%1111&'1‘
of elementary particles
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Standard Model

* many of these particles
should be familiar to you

proton neutron

* e, p, and n bundled together
to form atoms

N

I I I S

Three Generations of Matter
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Standard Model

I II I

Three Generations of Matter
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what we know
about neutrinos:

* no electric charge
* NO MASS (according to SM)

* three types (“flavors™)

e each paired with an
electrically charged
partner (e,u,t)



Neutrinos Are Everywhere

« together with photons, neutrinos are by far the most abundant
particles in the universe ...

v's drive
| supernovae
V'S power explosions
the sun /‘
\a »
- '. ot x
v's shower S e —
down on : even
the earth emitted by
bananas!

» their history has been rich in surprises (and Nobel prizes) ...
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Surprise! Neutrinos Exist?!

1930: Wolfgang Pauli introduces a new, elusive subatomic

particle which carries away missing energy in 3 decay
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* saves energy conservation

* introduces a brand new particle: neutrino!

- no charge, no mass
- only interact weakly

» worried that scientists may never detect
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Surprise! Neutrinos Exist?!

1930: Wolfgang Pauli introduces a new, elusive subatomic
particle which carries away missing energy in 3 decay

Abgchrift

Physikalisches Institut

der Eidg. Technischen Hochschule Zirich, L. Des. 1930
Zirich Cloriastrasse

Iiebe Radicaktive Damen und Harren,

Wie der Usberbringer diseer Zeilen, den ich huldvollst
ansuh¥ren bitte, Itmen des nidheren suseinandersetsen wird, bin ich
angesichts der "falachen" Statistik der N und li-6 Kerne, sowis
des kontimuierlichen beta-Spelktrums euf oinen versweifelien Augweg
verfallen um den "Wechselsats® (1) der Statistik und den Energlesats
su retten. MNimlich die Moglichkeit, es k¥nnten elektrisch neutrele
Teilchen, dis ich Neutronen nemmen will, in den Kernen existieren,
welghe den Spin 1/2 haben und das Ausschliessungsprinsip befolgen und
‘#ed von Lichtquenten wmusserdsa noch dadurch unterscheidsn, dass sis

mit lichtgescwindigkeit laufen. Die Masse der Neutronem
:‘mmmmuouo Eleictronenmagse sein und
:nn- nicht grdsser als 0,00 Protoneomasse.- Das kontimierliche

Spektrum vire dann verstindlich unter der Jimalme, dess bedm
bolaeZorfall mit dem hlektron jeseils noch ein Neutron emitiiert
awisd, derart, dess die Summe der Energien von Heutrom und klektron
kongtant ist.
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Dear Radioactive
Ladies and Gentlemen,



Surprise! Neutrinos Exist?!

1930: Wolfgang Pauli introduces a new, elusive subatomic
particle which carries away missing energy in 3 decay

Abgchrift

Physikalisches Institut

der Eidg. Technischen Hochschule Zirich, L. Des. 1930
Zirich Cloriastrasse

Iiebe Radicaktive Damen und Herren,

Wie der Usberbringer diseer Zeilen, den ich huldvollst
ansuh¥ren bitte, Dnen des néheren asuseinandersetsen wird, bin ich
angesichts der "falachen" Statistik der N und li-6 Kerne, sowis
des kontimuierlichen beta-Spektrums suf oinen versweifelten Auaveg
verfallen um den "Wechselsats® (1) der Statistik und den Energlesats
su retten. MNimlich die Moglichkeit, es knnten elektrisch neutrele
Teilchen, dis ich Neutronen nemmen will, in den Kernen existieren,
welghe den Spin 1/2 haben und das Ausschliessungsprinsip befolgen und
‘#ed von Lichtquenten wmusserdsa noch dadurch unterscheidsn, dass sis
=‘-1t Lichtgescihwindigkeit laufen. go Magse der lcntm:n - | it

ven derseldben Ofcssenordming wie die Eleiktronenmagse s
:nn- nicht gridsser als 0.'01 Protoneamasse.- Das kontimierliche ave_ | upon a

Spektrum wire dann verstindlich unter der Amnalme,; dass beim drastic remedy to save ...
bolaeZorfall mit dem hlektron jeseils noch ein Neutron emitiiert _
awisd, derart, dess die Summe der Energien ven Heutron und klektrom the law of conservation

kongtant iste
of energy

Photo: AIP, Emilic Segré Visual Archives
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Surprise! Neutrinos Exist?!

1930: Wolfgang Pauli introduces a new, elusive subatomic
particle which carries away missing energy in 3 decay

Abgchrift

Physikalisches Institut

der Eidg. Technischen Hochschule Zirich, L. Des. 1930
Zirich Cloriastrasse

Iiebe Radicaktive Damen und Herren,

Wie der Usberbringer diseer Zeilen, den ich huldvollst
ansuh¥ren bitte, Itmen des nidheren suseinandersetsen wird, bin ich
angesichts der "falachen" Statistik der N und li-6 Kerne, sowis
des kontimuierlichen beta-Spelktrums euf oinen versweifelien Augweg
verfallen um den "Wechselsats® (1) der Statistik und den Energlesats
su retten. MNimlich die Moglichkeit, es k¥nnten elektrisch neutrele
Teilchen, dis ich Neutronen nemmen will, in den Kernen existieren,
welghe den Spin 1/2 haben und das Ausschliessungsprinsip befolgen und
‘#ed von Lichtquenten wmusserdsa noch dadurch unterscheidsn, dass sis
:‘-ﬁ lichtgeschwindigkeit laufen. Die Hasse der Heutronam

ven derselben Ofcssenordming wie die Eleictronenmagse sein uad
:nn- nicht grdsser als 0,00 Protoneomasse.- Das kontimierliche

Spektrum vire dann verstindlich unter der Jimalme, dess bedm
bolaeZorfall mit dem hlektron jeseils noch ein Neutron emitiiert
awisd, derart, dess die Summe der Energien von Heutrom und klektron
kongtant ist.

Sam Zeller, Sambamurti lecture, 07/20/10

p

Photo: AIP, Emilic Segré Visual Archives

But so far | do not dare
publish anything about
this idea ...



Surprise! Neutrinos Exist?!

1930: Wolfgang Pauli introduces a new, elusive subatomic
particle which carries away missing energy in 3 decay

Abgcohrift

Physikalisches Institut

der Eidg. Technischen Hochschule Zdyich, L. Des. 1930
fAirich Cloriastrasse

Iigbe Radicaktive Damen und Harren,

Wie der Usberbringer diseer Zeilen, den ich huldvollst J
snsuh¥ren bitte, Dimen des niheren auseinandersetsen wird, bin ich }‘
engesichts der "falachen" Statistik der Ne und Li-6 Kerne, sowis o
des kontimuierlichen beta-Spekirums suf oinen versweifelien Auaveg Pauli |
verfallen um den "Wechselsats® (1) der Statistik und den Energlesats ’ -
su retten. MNimlich die Moglichkeit, es kénnten elektrisch neutrele ) E
Teilchen, s ich Neutronen nemmen will, in den Kemnen existieren, , 4
5 i e m‘:o::hmrdt w'noh:?dnhnr
) musserden un e .

Ay s ssee by et Die Hame dar i =" unfortunately, | will not be

:o derselden Ofcssenordming wie die Eleiktronenmagse s : .

gmialls o s sis O Prvtmemme.. o Lentimiariiche 201 [0 8PPOAT 1N [UOINGEN
vire dann 1 un

bete-Zerfall mit dem hlektron jeseils moch ein Neutron esdttiert _per_SO”a”y’ because | am

awisd, derart, dass die Summe der Energien vom Heutronm und kElektron Indlspensable due tO a baII

kongtant iste . . .
which will take place In
Your humble servant, Zurich ...
W. Pauli

oto; AIP, Emilio Segré Visual Archives
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v's Do Not Interact Very Often

* neutrinos interact only weakly

“The chances of a v actually hitting
something as it travels ... are roughly
comparable to that of dropping a ball
bearing at random from a cruising 747
and hitting, say, an egg sandwich”

- Douglas Adams
(author of The Hitch Hikers’ Guide to the Galaxy)

« fact that they interact so rarely is
what makes v's so mysterious &
their detection so challenging
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v's Do Not Interact Very Often

* neutrinos interact only weakly

“The chances of a v actually hitting
something as it travels ... are roughly
comparable to that of dropping a ball
bearing at random from a cruising 747
and hitting, say, an egg sandwich”

- Douglas Adams
(author of The Hitch Hikers’ Guide to the Galaxy)

« fact that they interact so rarely is
what makes v's so mysterious &
their detection so challenging

* to detect v’s, need a lot of
neutrinos and lot of detector
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Can We Detect Neutrinos?

25 years later ....

Nuclear

v JOroject
[/ Fireball JDO fte/rge is -t

Buried signal line

30m for triggering release
-
@\
Back fill |- “Vacuum
pump
~ s @t Suspended ) I
Ve p e n detector Vacuum
line
Vacuum -
tank E Feathers and
foam rubber
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Surprise! Can Detect Neutrinos

eventually confirm that v’'s exist by
observing v, s emitted by a nuclear reactor

v, p — €*n (IBD)

Savannah River nuclear reactor

2R
N
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Surprise! Can Detect Neutrinos

eventually confirm that v’'s exist by
observing v, s emitted by a nuclear reactor

v, p — €*n (IBD)

Savannah River nuclear reactor

WESTERN UNION ©

June 14, 1956

Dear Professor Pauli,

.k'

Clyde Cowan, Jr.

We are happy to inform you
that we have definitely
detected neutrinos . ..

Fred Reines
Clyde Cowan

1995 Nobel priZe
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Surprise! There's More than Onel!

 discovered 2" v also
using a man-made source
e QL

Schwartz

-

Lederman Steinberger

(v,'s observed in accelerator environment)
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Surprise! There's More than Onel!

v, not detected until 2000
(DONUT experiment at Fermilab)

* how do we know?
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Neutrino Detection

this is how we
detected neutrinos
in the first place

VM\ / 23 Charged Current (CC)

o * neutrino in
W  charged lepton out

Vo 2 €
vV, 2 U
V. 2T

* rely on indirect detection to “see” neutrinos
 transforms an initial state v into its charged lepton partner

e w T
Wl i

each leaves its own recognizable pattern
Sam Zeller, Sambamurti lecture, 07/20/10



Surprise! Two Types of Interactions

 around this same time, Glashow-Weinberg-Salam predict a
new type of v interaction (where particles maintain their identities)

Glashow, Salam, Weinberg sharing the Nobel Prize, 1979
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Surprise! Two Types of Interactions

* neutrino in
 charged lepton out

VM\ / 23 Charged Current (CC)
dw

Vo 2 €
vV, 2 U
V. 2T

Neutral Current (NC)

* neutrino in _ _
. neutrino out  ° famous v interaction

e seenin 1973 (Europe, 9,,:8-)

(studying this further was subject of my thesis)
Sam Zeller, Sambamurti lecture, 07/20/10




Surprise! Neutrinos Oscillate

astonishing sequence of experiments revealed that
neutrinos oscillate ... observation shook the v community

Solar 1960’s: Ray Davis builds first large scale
Ve 2 Vux detector to look for v's from the sun
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Surprise! Neutrinos Oscillate

astonishing sequence of experiments revealed that
neutrinos oscillate ... observation shook the v community

Solar 1960’s: Ray Davis builds first large scale
Ve 2 Vit detector to look for v's from the sun

s
AN
/f N
/£ Sl
/ S Sl
e 2. L
y A“ ,(QJ(,GH
i gl £
\NosE~ )y 7
T
Nobel prize ‘
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Surprise! Neutrinos Oscillate

astonishing sequence of experiments revealed that
neutrinos oscillate ... observation shook the v community

Solar 1960’s: Ray Davis builds first large scale
Ve 2 Vux detector to look for v’s from the sun

8
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e o

PRODUCTION RATE IN ATOMS/ DAY
5 3
_—

' M 'l 'l r! ll '; |I ﬁlﬁr L) L) ‘ ! —r T
970 71 7273 '7a '75 '76'77 '8 79 '80 '81 82 83 B4 85 86 B7 88

-

“solar neutrino problem”
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Surprise! Neutrinos Oscillate

astonishing sequence of experiments revealed that
neutrinos oscillate ... observation shook the v community

Solar Atmospheric ——r—m—m
Super-K, 1998
Ve - 'VM,,c VM > v, 15 + -
"‘i‘::::;*::;+ """ et
- o g0.5— %) ------ é 1111 v + -
i T e v

implication: v’s have mass!
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Surprise! Neutrinos Oscillate

astonishing sequence of experiments revealed that
neutrinos oscillate ... observation shook the v community

€he New Jorl

VOL.CXLVII. ... NO.5L179  copyrien © 1 The vew Yo Times

l “All the Ncws
| That’s Fit to Print"”

Solar
Vo 2 Vin

FRIDAY, JUNE 5, 1998

Massﬁ.:md in Elu;i.v; P;zrticle; OKLAHOMA BMﬂ
Universe May Never Be the Same | BRINGS LIFE TERM

FOR TERRY NICHOLS

‘ENEMY OF CONSTITUTION'
Judge Denounces Conspiracy
and Hears From the Victims
of a Terrifying Ordul

Atmospheric
vy, 2>V,

-""f.

By JO THOMAS
DENVER, June 4 — Call
. of

the possidility of parole for coaspir- | =g
ing to bomb the Oklahoma City Fed-
eral Building, the de: lkﬂ’nﬂﬂ’
attack ever on American soll.

In passing sentence after hearing
from survivors of the blast and rela- | _
tives of some of the 168 people who
died in i, the judge, Richard P. | -
Matsch of Federal District Court, |
sald, “This was not a murder case.”

He added: “It is a crime and the
victims have spoken eloquently
But it is pot a crime as 1o them so

Last  Mr.

gomvicted o couspiring i Timoty |

> Mrmm‘vw e Apd April |). ows, |

Dombing of the Altred P. dearrah | Refugee‘
but

— acqaitted
of Federal murder. charges in the | - ABlttf
cosmological effects. ‘whatever deaths of eight Federal agents who
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But
the case, there was general agree- ”WWMW'WWM died. Mr. Nichols was found gullty of |
here the discovery will ence of neutrino mass had been es- | involuntary manslasghter in those |
have far-reaching consequences for sentially ruled out deaths and today was given the max
the investigation of the mature of  Dr. Yojl Totsuka, leader of the | imum sentence of six years inprison | PADESH, Albania.
matter coalition and director of the Ka- | for each, to run concurrently with hi Gent Slobodan Milose
Speaking for the collaboraticn of micka Neutrino Observatory where | life sentence. He was also acquitted | via has unleashed U
scientists who the exist- is situated, | of actually committing the tary operation In the

ence of neutring mass using a huge
underground detector calied Super-
Kamickande, Dr. Takaak: Kajia of
the Institute for Cosmic Ray Re-
search of Tokyo University said that
o Al explanations for the data coliect-

30 miles north of here in the Japan
Alps, acknowledged that his group’s
ARNOUNCEMETt Was “very strong,”

but said, “We have investigated all

Cwlmfd on Pﬂ‘ Al4

bombing.

While the conspiracy charge car-

ried a possible death sestence,
wvvu need to vote unanimously for
such punishment, and they could not

do s0 The sestencing then fell to |

| Judge Matsch

NY Times, June 1998

the end of the war in

m‘mmaumc

l‘d”(l:\: their vililage
At least 10,000

| streamed through



Surprise! Neutrinos Oscillate

astonishing sequence of experiments revealed that
neutrinos oscillate ... observation shook the v community

Solar Atmospheric

Ve 2 Vur v, 2V,

* has since been confirmed
by multiple v experiments

* replicated with man-made
SOurces (reactor, accelerator)
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Surprise! Neutrinos Oscillate

astonishing sequence of experiments revealed that
neutrinos oscillate ... observation shook the v community

Solar Atmospheric LSND

Ve 2 Vur v, 2V, v, 2 Ve

we’ll come back to this
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WAS SAYING

NEUTRINOS
American Express HAVE MASS

was the first to discover?

... but apparently ...

BEFORE
IT WAS
COOL

ﬁ”
F T

... apparently they knew
but just didn’t tell us

BLUE FROM AMERICAN EXPRESS FORWARD p [ i
SMART CHIP 1 ONLINE FRAUD PROTECTION GUARANTEED | NO ANNUAL FEE i GO TO americanex press.com/blue S
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Neutrinos Oscillations

(first suggested by Pontecorvo, 1957)
* one of the most exciting N— —_

developments in v physics
In the past ~10 years ...

* neutrinos oscillate from
one type to another

V4 ™ Vs

Sam Zeller, Sambamurti lecture, 07/20/10



Neutrinos Oscillations

(first suggested by Pontecorvo, 1957)

I 1 T I T T T 1 [ 1 T T 1 I T T T T I T 1 T T I I

 one of the most exciting
developments in v physics

—

T T T 1

in the past ~10 years ... o'a:fvu :
» neutrinos oscillate from oal -
one type to another v E

LI

probability of being one type of v

V4 ™ Vs

o

1 1'51 1 1 2 1 1 1 IZ.SI 1 1 1 3

(=]
p_
(5]
-

distance the v traveled

 both v disappearance and
appearance
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Neutrinos Oscillations

(first suggested by Pontecorvo, 1957)

’
» one of the most exciting o T T T
. . Q ]
developments in v physics = I E
in the past ~10 years ... S }VM :
c 0.6 — —
o i
* neutrinos oscillate from 5 oal- N
> B -
one type to another 2 0V E
@ M ]
o I }
Vi Vo e 9% 05 1T 15 2 25 3
distance the v traveled
_ _  simple equation tells you
P, = sin“20 sin? [1 27 Am? L J probability that a v starting
E off life as one type can be

observed later as another type
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Neutrinos Oscillations

(first suggested by Pontecorvo, 1957)

* one of the most exciting B AR

developments in v physics

sin220

=
(=] -
I/

°
©
8 i
> ]
) - ~ ]
In the past ~10 years ... 5 _VM ) " ]
= 7E/(1.27 Am2) N
g T 1
* neutrinos oscillate from 5 0.4 -
one type to another 2} :
Q 0.2—V _
gL e ]
s o [ j
V1 V2 e % 0.5 1T 15 2 25 3
distance the v traveled
L = distance v has traveled
P, = sin?26 sin? [1 27 Am? L J E = energy of the v
E sin220 = amplitude

Am? = mass difference
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Neutrinos Oscillations

 one of the most exciting
developments in v physics
In the past ~10 years ...

* neutrinos oscillate from
one type to another

V4 ™ Vs

P, = sin?26 sin? [1 27 Am? L

E

Sam Zeller, Sambamurti lecture, 07/20/10

probability of being one type of v

o

]

(first suggested by Pontecorvo, 1957)

T T L L L B S L
\sinZZB ]
Vi -
- nE/(1.27 Am?) N
Ve .
o_ 0.5 1 15 "2""2.5"'13_

distance the v traveled

“At present this is highly speculative-
there is no experimental evidence for
neutrino oscillations...” D.). Griffiths
(1995), Introduction to Quantum
Mechanics



Neutrinos Oscillations

Abe et al., PRL 100, 221803 (2008)

o Data-BG-GeoV,
- — Expectation based on osci. parameters

« one of the most exciting ' determined by KamL AND
developments in v physics ;
In the past ~10 years ...

Survival Probability

* neutrinos oscillate from
one type to another

y Lo v b b s bow s Lo Lo s Lo dia by g

20 30 40 50 60 70 80 90 100

r\/1 — rV2 LO/EVc (km/MeV)

P, = sin?26 sin? {1 .27@m
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* using same reaction, similar
detection technique as Reines
& Cowan ... but 50 years later!




Current Landscape

* have observed three different oscillation signals so far ...

,_
o

,_
o

—

1
—
T T TTTTm T

I‘II’II L] L] lllllll

LSND
VoV,

10 E

10k

10

—> Atmospheric
Vv, —Vx

—>  Solar MSW ‘

T
3
()
- L ] O
atmospheric oscillations —§
Am?2 ~ 1073 eV/2 o
0 ~ 450 =
©
(7))
(7))
. . ©
solar oscillations — =
Am?2 ~ 105 eV? >

0 ~ 340

L0

V.= Vx

lllll L L lllllll

2 -1
LD LD L

v mixing sin“20

first, neutrino mixing is weird
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Current Landscape

* have observed three different oscillation signals so far ...

N/\ LR | """I L
LSND > 0F
Am?2 ~ 1 eV? N LSND
0 ~ 20 E'F Vi Ve
O 0k
&) F
atmospheric oscillations—&5 |
Am? ~ 103 eV? o —> Atmospheric
g ~ 450 E V,—Vx
O 10 F
7
oL —>  Solar MSW
solar oscillations — =Sl: V_—Vy ¢
Am? ~ 10 eV?2 P 10'5"'““'_ IR B T
0 ~ 340 10~ o~ o™ o
v mixing sin"20

3 signals, so what's the problem with this?
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Too Many Signals

* have observed three different oscillation signals so far ...

« that's too many Am? regions!

3 v's implies 2 indep mass scales:

(105 + 103 £ 1)

A

V3

mass?

Vi
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\

~

Am’ (eV ")

,_
o

,_
o

—

1
—

o~

2
Am~ snp

~ 1 eV2 l0-3E

10

L0

-

-
-5
) —

sl

l‘lllll L] L] ll"'ll

LSND
vV, oV,

Atmospheric
Vv, —Vx

Solar MSW
V Vg ¢

lllll L L lllllll

-3
Y

2 -1
LD LD L

.2
sin 20

one possible interpretation:
at least one extra v (sterile v)



LSND ™

Liquid Scintillator Neutrino Detector

- i —
L% 17.5| . data u"—e'vyv,
g 15}
o - .
D 125] _— observed excess of v, in
ok a v, beam (3.80 significance)
7.5
5} .
. could be interpreted as
Nz v, — v, oscillations with
0

oscillation probability:

04 06 08 1 12 14
L/E, (meters/MeV)

PV, =V, ) = sin?20 sin?(1.27 Am? L }= 0.26%
L E J
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Test This

* run a new experiment at same L/E

- want sensitivity to the same v oscillations as LSND

P(v, = v,) = sin?20 sin? [1 27 Am?

E

;

* that’s MiniBooNE! designed to look for v, — v,

* both L, E are 10x larger

- different signal signature & backgrounds

- different systematic uncertainties

- higher statistics

Sam Zeller, Sambamurti lecture, 07/20/10



MiniBooNE

Mini Booster Neutrino Experiment

* 85 physicists
* 18 institutions

(collaboration may be larger than it appears)

A. A. Aguilar-Arevalo'®, C. E. Anderson'®, A. O. Bazarko'®, S. J. Brice”, B. C. Brown’, L. Bugel®, J. Cao'?,
L. Coney®, J. M. Conrad!?, D. C. Cox?, A. Curioni'®, Z. Djurcic®, D. A. Finley”, B. T. Fleming'®,
R. Ford’, F. G. Garcia”, G. T. Garvey'?, J. Grange®, C. Green™ !0, J. A. Green® !0, T. L. Hart?,
E. Hawker®9, R. Imlay'!, R. A. Johnson®, G. Karagiorgi'?, P. Kasper’, T. Katori®!2, T. Kobilarcik’,
I. Kourbanis?, S. Koutsoliotas?, E. M. Laird'®, S. K. Linden'®,J. M. Link'7, Y. Liu!®, Y. Liu', W. C. Louis'?,
K. B. M. Mahn®, W. Marsh”, C. Mauger'®, V. T. McGary'?, G. McGregor'®, W. Metcalf'!, P. D. Meyers'®,
F. Mills”, G. B. Mills'?, J. Monroe®, C. D. Moore’, J. Mousseau®, R. H. Nelson?, P. Nienaber!®, J. A. Nowak!?,
B. Osmanov®, S. Ouedraogo'!, R. B. Patterson'®, Z. Pavlovic!’, D. Perevalov!, C. C. Polly’, E. Prebys’,
J. L. Raaf®, H. Ray®'%, B. P. Roe!4, A. D. Russell”, V. Sandberg!®, R. Schirato!®, D. Schmitz?,
M. H. Shaevitz®, F. C. Shoemaker®*, D. Smith®, M. Soderberg!®, M. Sorel®, P. Spentzouris?, J. Spitz'?,
I. Stancu®, R. J. Stefanski’, M. Sung'!, H. A. Tanaka'®, R. Tayloe’, M. Tzanov*, R. G. Van de Water!?,
M. O. Wascko''*, D. H. White!®, M. J. Wilking*, H. J. Yang'¥, G. P. Zeller’, E. D. Zimmerman*
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= Fermilab

= Batavia, IL



vl [
T

4. Fermilab

= Batavia, IL

MiniBooNE
detector hall



Fermilab

Batavia, IL

Fermilab bison
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A MiniBooNE
v Beam

FAL 8 GeV Booser

How we turn protons
iInto neutrinos
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A MiniBooNE
by v Beam

FAL 8 GeV Booser

magnetic horn

 run 174KkA current through horn

* record number of pulses (260 million!)

e can change polarity of horn (v or v mode)

S magnetic focusing horn
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MiniBooNE
v Beam

50 m decay pipe |

FAL 8 GeV Booser

decay region
K = ptv,

magnetic horn

=l Magnetic focusing horn
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£

¢ 50 m decay pipe

FAL 8 GeV Booser

decay region
K = ptv,

magnetic horn

absorber:

stops particles that are
not neutrinos

=l Magnetic focusing horn
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MiniBooNE
v Beam

i

% 50 m decay pipe

FAL 8 GeV Booser

decay region
K = ptv,

P

magnetic horn

absorber:

stops particles that are
not neutrinos

=l Magnetic focusing horn
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—\iiBOoONE

g

2 50 m decay pipe |

FAL 8 GeV Booer

decay region
K = ptv,

<E.> ~ 800 MeV

P 99.4% v, and 0.6% v,

magnetic horn

MiniBooNE
detector

absorber:

stops particles that are
not neutrinos

SR magnetic focusing horn
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Neutrino Collection

| | | | | | | | | |

160

19 neutrinos

120

5jfll||||||||||

VR e e e e PR e T e e e e el e e e e R T S i e e e e e e e e e e e e e e e e e e e e e e e e et e

vIPOT (10-17)

[+2]
o

| antineutrinos
}qf { N {%‘ﬁs‘%a"f . ;;:?&¢

SRRt 0

F
o

'

".%LM|||||||||||||||||||||||||
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N
o

-

<

02/Jul/03 01/Jan/04 01/Jul/04 31/Dec/04 02/Jul/05 31/Dec/05 02/Jul/06 31/Dec/06 02/Jul/07 01/Jan/08 01/Jul/08 31/Dec/08

o
qlllllllllll|lll|lli

August 2002: first v beam January 2006: first v beam

« for every quadrillion protons delivered, get 1v that interacts
* have recorded a total of ~1,00,000 neutrino interactions!

* the most recorded at these energies (E, <2 GeV) ... ever
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MiniBooNE Detector

A~ |
v
v

\AA4
\ 4

v

v

<&detector built in 1999
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OONE Detector

N

\AA4
\ 4
\ 4

v

v

<&detector built in 1999
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<&detector built in 1999
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\AA4
\ 4

<&detector built in 1999
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<&detector built in 1999
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v

\AA4

v
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<&detector built in 1999
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<&detector built in 1999

g i
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<&detector built in 1999
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2 e b <detector built in 1999

Al

J. Raaf (Boston), E. Hawker (IMSA), C. Green (FNAL)
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Aerial View
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Tank = P

» tank contains 250,000 gallons AT

-
® ® & 00O

of mineral oil (v target) ®ceccccce

® ® & 00000
- 800 ton! 44 tanker trucks worth! ® 0000000

Veto Region

UTLX 84504
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Tank

» tank contains 250,000 gallons
of mineral oil (v target)
- 800 ton! 44 tanker trucks worth!

MARK ALPERT

FINAL

NNNNN

“One of the finest . . . thrillers to appear in a long time.”
—Douglas Preston

Sam Zeller, Sambamurti lecture, 07/20/10

Signal Region

® ® & 0 900
p
® ® & 00O

Veto Region



Tank B

* tank contains 250,000 gallons ?
of mineral oil (v target) *ceocccee

- 800 ton! 44 tanker trucks worth! ® 0000000

Signal Region

Veto Region

e products of v ints = light B e © o ooe
(Cerenkov and scintillation) 3

* 1520 PHOTOTUBES B « o o coom)

(“eyes” of the detector)

Phototubes work like inverse light bulbs

- they produce an electrical signal whenever
light strikes them

- common technique: light as evidence for v!
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Inside

o\
)

these phototubes are

completely submerged
In the mineral oll

Inside the sealed tank

» tell us charge and time

P. Meyers (Princeton)
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Inside

 we have a beam of lots of v's &
a massive detector, but how are
we going to know v’s have interacted inside?

R. Tayloe (Indiana)
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Seeing the Invisible Neutrino

« we can only “see” particles that are electrically charged

« can detect a v ONLY if it hits something & knocks out
or produces a charged particle

* remember: a v can interact by scattering off a target
and changing into its own charged partner (CC)

nuclear recoil we can “tag” the reaction this way!
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Seeing the Invisible Neutrino

« we “see” u and e through their production of light

 very simple set-up

Sam Zeller, Sambamurti lecture, 07/20/10



Cerenkov Light

‘ . 0
CHERENKOVEFFECT ga0a88ARRSRAM
T CLL
SRR RRRR RS

p =vlec nfwater)=1.33
cos 8= 1/fn
p=1  0=42degrees

 charged particles traveling
faster than speed of light
In a liquid can create a
“shock wave” of light
(optical boom)
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Cerenkov Light

CHERENKOVEFFECT oaaa@RARRRR RS

p=vic n(water)-133 @OBE = CRL L
cos 8= 1/fn (LI PRI LIl L NN

p=1  0=42degrees

same phenomenon which causes

reactor core to glow brilliant blue color
Sam Zeller, Sambamurti lecture, 07/20/10



Cerenkov Light

- N

.000‘..‘.“ e

CHERENKOVEFFECT .00 88ARRRRRH
p=vic n(water)-133 @OOE TITILERE L
cos 8= 1/fn LI I L L I a»

P=1 =42 degrees

» Cerenkov light forms a cone
that expands along particle’s
trajectory; when projected
on detector wall, cone leaves
characteristic ring-like
pattern on the array of

* light is very dim so need photomultiplier tubes

exquisitely sensitive (we rely on ring imaging)
light detectors (PMTs)
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Modern Neutrino Hunting

different particles leave different signatures

long track (muon)

sharp-edged,
filled-in ring

A

W/
i

'1
7
7%

short, scattering
track (electron)

Hfuzzy’ ring

o ,_oo'-" €.

y o PYor 1o

but what do these signatures look like in a real detector?
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Muons Are a Sign of v

x Muons have sharp
filled in rings.
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Electrons Are a Sign of v,

x Electrons multiply
scatter and
produce fuzzy
rings.
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Electrons Are a Sign of v,

x Electrons multiply
scatter and
produce fuzzy
rings.
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Super-K

» deep in Kamioka mine, Japan
50,000 tons ultra-pure water
* ~11,000 phototubes
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Super-

muon

(sharp outer edge)

W
Pekathy

e
oG\

KRR

..
O\

e
st
“w
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electron
(fuzzy ring)
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It's Not That Simple

= 10 decay to yy 99% of the
time.

= These photons travel some
distance before they EM
shower.

Sam Zeller, Sambamurti lecture, 07/20/10

this is an important background!

80




i)
e

Neutrinos in OIl

&’ (o’
dT dcoso, cm /GeV)

* v's can do many things in mineral oil

20
15
CV + Stat. Err. ——
+ Sys. Err. 10
1.5 Il MC Prediction ... 5
P % N

Multi =
NC 70 B 8% W 4%

do/dp,o (107%° em?/%¢V//nucleon)

0.5

s MiniBooNE data (3N1=10.7%)

‘:I MiniBooNE data with shape error

" v,n—=up
= & NC =t
- o 4%
00 02 04 06 08 10 12 14
p,o (GeV/c) CC 1|:° 4% CC QE
Vi N— Vu N n? 039%
50 ,_(10‘: i : . Error annds . ,, $10%
5 - ‘i] r::?:u: r:::atysu'amenl i Ng . é__ |:| MiniBooNE NCE cross-section with total error
0o e i — MG Prediction = “E Fe T ------------------------ Monte Carlo NCE-like background
L L ] ‘:C; 3;_’ .
ol . | CC ttm25% g
] 2;

20

m16%
NC EL

1 1 1 1
800 1000 1200 1400
Muon Kinetic Energy (MeV)

V,N—=pu Nax*
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do/dp,o (107%° em?/%¢V//nucleon)

‘:I MiniBooNE data with shape erro

AT T2
W
b

f
(\
)

Y
(V)

\“4

CV + Stat. Err. ——

'
i
)

Al ‘33,

+ Sys. Err.
i MC Prediction ..

! N Multi =

05 % _{_: NC 1[0.8% -4%
"‘ = NC ‘Jti.q%

}»2 (G;'\‘}/c) CC 11:0 4%
v. N—-v Nx°

22
f

F '-"’

0.0}

important signal
channel for v

oscillation exps

m16%
NC EL Phys. Rev. D81, 092005 (2010)

CC ntm25%
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Neutrinos in OIl

d—(T,,gf:%seu cm’/GeV) —| == MiniBooNE data (N;=10.7%)
°V'S do many things in mineral oil .7 . [l
20 3 R
’,"\
CV + Stat. Err. 15 :“‘:’;’:—‘:-?:a:
++ Mcszie:i:;ion ..... 12 N “:‘_‘
= e
I
siiih==————
‘ el 2
0. = (GeV)
Multi = 8,102 04 08 7 '
4
| NC 7t mae

0.0}! R
00 02 04 06 08 10 12 1.4
p,o (GeV/c)

0
VMN—>qun

CC ntm25%

important background

channel for v, — v, B16%
Phys. Rev. D81, 013005 (2010) NC EL
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Detecting v Oscillations

* if neutrinos have mass, then ...

a neutrino that is might some time later
produced as a v, be observed as a v,
o

v source v detector

Sam Zeller, Sambamurti lecture, 07/20/10



Detecting v Oscillations

* if neutrinos have mass, then ...

a neutrino that is might some time later
produced as a v, be observed as a v,
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Detecting v Oscillations

* if neutrinos have mass, then ...

a neutrino that is might some time later
produced as a v, be observed as a v,
o-
.............. & %P—Ve(
M+
L
< >

 operate a fixed distance (L), so look as a fcn of E

- start with v, — v,, can also check v, — v, (LSND signature)
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MiniBooNE v, — v, Search

spent many vears:

 understanding v flux

* modeling and
calibrating detector

* measuring v ints,

Including each and
every possible
background process

 developing PID

 etc.

“blind analysis”
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5 years later ... First Results!

Fermilab, April 11, 2007
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MiniBooNE v, — v, Search

Phys. Rev. Lett. 102, 101802 (2009)

D
e from K° (region where expect
[ 7 misid to see LSND effects)
0 ANy
B it
[ other
Const. Syst. Error

Events / MeV

no evidence for
LSND-like
0.6 0.8 1 1.2 14 15 3. OSCIIIatlonS (ZV)

EPF (GeV)
oscillation fit region: E >475 MeV

o el "F“’“
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MiniBooNE v, — v, Search

Phys. Rev. Lett. 102, 101802 (2009) however. observe

3 an excess of events
at low energy whose

+ ¢ source is currently

' unknown

2.5

Events / MeV

Illllllllll

1.5

shape is inconsistent
s with 2v oscillations

0.5

0.2 0.4 0.6

future experiments
Low E region will test this
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MiniBooNE v,

()]
OA
C =
R
o S
= 2 1
O 4
2 8
(qv)
-
10'1:
10?2
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high statistics,
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of simplest
Interpretation
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Current Landscape

* remember our picture from before ...

- too many Am? regions! o F
:
3 v's implies 2 indep mass scales:  «~_ | [
(103 + 105 £ 1) 3 |
A 10'1;—
V3 |
] Atmospheric
) 2 .~ 103 eV?2 : V, —V
8 Am ATM 10 eV lO-BE— L X
e :
ok Solar MSW  _
V V.oV
2 AmZSOL ~ 10-5 eV2 _5: & X
V = E—
1 LD LO L0 N L
sin 26
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Current Landscape

* remember our picture from before ...

* too many Am? regions! o
(V)
3 v's implies 2 indep mass scales:  ~_ | [
(103 + 105 # 1) S
A 10'1;—
V3 |
CF Atmospheric 3
p: 2 .~ 103 eV?2 : V, —V
% Am ATM 10 eV 10-35— L X
e :
0L Solar MSW
Vv 5 5 \/2 V. Vg
2 Am SOL ~ 10 eV o | | & |
f\/ 10 "““_3 . l'*““_: L1 - R
1 LD LD LD ot
sin~20
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MiniBooNE v, — v, Search

« what about antineutrinos? remember oscillations in LSND
were originally observed with antineutrinos ...

\
arXiv:1007.1150 [hep-e e
S 07F v [hep-ex] (\6
O r
= 06— e Data 6\)‘Q
; . L] [ ] v, fromu*”
"q:: 0'5:_‘ %"e from K*"
~ v, from K°
o > * ] [ ° misid new!
0.3 [(]a—-Ny
1 = June 14, 2010
0.2 [] other
— Constr. Syst. Error
A
8204 08 08 1 12 14 15 3.0 " =
E’® (GeV)
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MiniBooNE v, — v, Allowed Region

102 [ i A
! —— 68% CL
— 90% CL
—— 89% CL
o l( o KARMEN2 90% CL

------------ BUGEY 90% CL

mass difference
IAm?l (eV?/c?)

[ LSND 90% CL

! D LSND 99% CL

—
Q

10-2 P | MRS | L gl L
10° 107 10’ 1
2 .
sin“(20) v mixing
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Comparison to LSND

0.020 s
| e [.SND (1995)
l/; 0.015} A MiniBooNE v mode (2010) , .}
t 0.010}
| > :
S—— i .—‘—.
~ o005 | T —
0.000} T‘l F:{r ! -
0005 e

02 04 06 08 10 12 14 16
L/E,(m/MeV)
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Sam

Events / MeV

Events / MeV

Comparison of MB v and v
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- |
- e Data .
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MiniBooNE Scorecard

\/ v interaction measurements

* Phys. Rev. Lett. 100, 032301 (2008)
* Phys. Lett. B664, 41 (2008)

* Phys. Rev. Lett. 103, 081801 (2009)
* Phys. Rev. D81, 013005 (2010)

* Phys Rev. D81, 092005 (2010)

\| v, to v, oscillations

* Phys. Rev. Lett. 98, 231801 (2007)
* Phys. Rev. Lett. 102, 101802 (2009)

\ | v, to v, oscillations

* Phys. Rev. Lett. 103, 111801 (2009)
 arXiv:1007.1150 [hep-ex] (2010)

Sam Zeller, Sambamurti lecture, 07/20/10

18t time have
revisited this type of
physics in decades

no evidence for
LSND-like oscillations (2v)
(low E?)

new! results consistent
with LSND-like oscillations
(but need more data)
VoV # Vu—>Ve ?



MINOS

» other suggestions that v and v may be behavmq dlfferentlv’?

Neutrino 2010: June 14, 2010

AN

W

1.71x 10” POT v,-mode
- 724><1o2 POTv -mode

I\J

| I I | | I I I | | I l | LI I I | I I | I

— MINOS Vp 90% —— MINOS Vi 90%
----- MINOS V“ 68% ----- MINOS Vi 68%
5 ® Bestv Fit @ Besty, Fit

| I | |

MINOS Prellmlnary T

mass difference |Am2| (x 103 eV?)

sin (29) v mixing
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What Next?

 what are the masses of the v's?

 which are the heaviest and which
are the lightest?

» what is the exact pattern of mixing
between v’s?

- do v’s behave differently than v ’s?

» will we encounter the unexpected?

- neutrinos have been full of surprises,
so we should probably expect more!

Sam Zeller, Sambamurti lecture, 07/20/10
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race is on to study in more depth



It's Been an Exciting Year Already!

n® — yy candidate event

Sam Zeller, Sambamurti lecture, 07/20/10

* T2K
Kamioka, Japan

detected their

first neutrinos
(across an 185 mile distance)

Feb 25, 2010



catches 1t evidence v, — v,
May 31, 2010

* ICARUS

1t LBL v’s
In liquid Ar
May 27, 2010

Sam Zeller, Sambamurti lecture, 07/20/10

Drift time coordinate (1_.4 m)

Collection view



* NOVA
Ash River, MN, U.S.

blasting complete
April 18, 2010

U. Minnesota students
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* NOVA
Ash River, MN, U.S.

blasting complete
April 18, 2010

« LBNE
Lead, SD, U.S.

DOE CD-0 approval
Jan 8, 2010
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LBNE

Long-Baseline Neutrino Experiment

plans to build a
a complex of large
detectors a mile
below the earth’s
surface

» 255 scientists
* 54 institutions
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Conclusions

* v's have surprised us with their unexpected behavior for the
past ~80 years

(from Pauli’s prediction of the v to present day observations of v oscillations)

 MiniBooNE has played an
important role + with some
recent unexpected results | ®

HONK IF YOU @
NEUTRINOS

« what will happen in the future
IS anyone’s guess, butitis
likely to include more surprises

- this is an incredibly fun time to be a v physicist .... ((\e\d\(\

we’re in store for an exciting ride! Co
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In Memorium

Aditya Sambamurti
1961-1992
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